This review considers the modern concepts of pathogenesis, diagnostic methods, and treatment principles of hepatic hydrothorax (HH). HH is the excessive (> 500 mL) accumulation of transudate in the pleural cavity in patients with decompensated liver cirrhosis but without cardiopulmonary and pleural diseases. It causes respiratory failure which aggravates the clinical course of liver cirrhosis, and the emergence of spontaneous bacterial pleural empyema may be the cause of death. The information was collected from the PubMed database, the Google Scholar retrieval system, the Cochrane reviews, and the reference lists from relevant publications for 1994-2016 using the keywords: "liver cirrhosis", "portal hypertension", "hepatic hydrothorax", "pathogenesis", "diagnostics", and "treatment". To limit the scope of this review, only articles dealing with uncomplicated hydrothorax in patients with liver cirrhosis were included. The analysis of the data showed that despite the progress of modern hepatology, the presence of HH is associated with poor prognosis and high mortality. Most patients suffering from it are candidates for orthotopic liver transplantation. In routine clinical practice, stratification of the risk for an adverse outcome and the subsequent determination of individual therapeutic strategies may be the keys to the successful management of the patient's condition. The development of pathogenetic pharmacotherapy and optimization of minimally invasive treatment will improve the quality of life and increase the survival rate among patients with HH. Core tip: This review considers the modern concepts of pathogenesis, diagnostic methods, and treatment principles of hepatic hydrothorax (HH). The analysis of the data showed that despite the progress of modern hepatology, the presence of HH is associated with poor prognosis and high mortality. Most patients suffering from it are candidates for orthotopic liver transplantation. In routine clinical practice, stratification of the risk for an adverse outcome and the subsequent determination of individual therapeutic strategies may be the keys to Garbuzenko DV, Arefyev NO. Hepatic hydrothorax: An update and review of the literature.
INTRODUCTION
Pleural effusion is a syndrome characterized by the accumulation of fluid in the pleural cavity, which has more than 50 causes associated with both pleural and pulmonary diseases, as well as the pathology of other organs and systems. Depending on its nature, it is classified into exudate and transudate. The criteria for their differentiation proposed in 1972 by Light et al are currently the "gold standard" of differential diagnosis (Table 1 ) [1] . Hepatic hydrothorax (HH) is the excessive (> 500 mL) accumulation of transudate in the pleural cavity in patients with decompensated liver cirrhosis (LC) but without cardiopulmonary and pleural diseases. Its localization is right-sided in approximately 85% of cases and left-sided in approximately 13%; whereas, only 2% of patients have fluid in the pleural cavity on both sides.
HH is observed infrequently and, depending on the diagnostic method, may be found in almost 5%-10% of patients, constituting 2%-3% of all causes of pleural effusions. However, it causes respiratory failure which aggravates the clinical course of LC. The emergence of spontaneous bacterial pleural empyema may be the cause of death. Median survival in the presence of HH is 8-12 mo [2] .
CAUSES AND MECHANISMS OF THE

DEVELOPMENT OF HH
Several theories of HH pathogenesis in patients with LC are known, but the most probable one presupposes ascites formation, due to portal hypertension related pathophysiological disorders [3] . Concomitant splanchnic and systemic arterial vasodilation, along with the activation of various neurohormonal signaling pathways, cause kidney dysfunction and hence decrease Na + and water excretion, as well as the glomerular filtration rate [4] . Ascitic fluid moves from the peritoneal cavity into the pleural space through small defects located mainly on the right side of the diaphragmatic tendon. The reason for this is negative intrathoracic pressure. Moreover, the liver in this situation may play the role of a piston [5] . Huang et al [6] classified diaphragmatic defects into four types: (1) Type 1 -no obvious defects; (2) Type 2 -blebs lying on the diaphragm; (3) Type 3 -broken defects (fenestrations) in the diaphragm; (4) Type 4 -multiple gaps in the diaphragm. This theory of HH pathogenesis, first proposed in 1966, has been confirmed by numerous studies using air infused intraperitoneally, dyes, or radiolabeled material [7] . It does not contradict the phenomenon of isolated HH, in which the pleural reabsorption rate of ascites is equal to the ascites production in the abdominal cavity [8] .
DIAGNOSTICS OF HH
In patients suffering from LC with or without ascites, clinical examination may reveal pleural effusion and allow preliminary diagnosis of HH, which is often rightsided. Its left-sided localization, the presence of fever, and respiratory symptoms require the exclusion of other diseases, as well as spontaneous bacterial pleural empyema. For this purpose, a pleural puncture is performed at the first stage of the diagnosis to obtain and analyze fluid, which is inherently a transudate. This is similar to ascitic fluid, but the different absorption mechanisms from the pleural and abdominal cavities cause some distinctions between the two of them (Table  2) [9]
. Radioisotope diagnostic techniques are used to make a decision in doubtful cases. Migration of intraperitoneally infused 99mTc-labeled microspheres of human serum albumin or a sulfur colloid into the pleural cavity confirms the diagnosis of HH, and the rate of isotope movement indicates the size of defects in the diaphragm [10] . Color Doppler and magnetic resonance imaging are used for their direct visualization [11] .
TREATMENT OF HH
Currently, there are no evidence-based standards for the management of patients with HH. In usual clinical practice, the aim of therapeutic measures is to treat ascites and to provide thoracentesis if necessary ( Figure  1 ). In case of adequate urine sodium concentration (> 30 mEq/24 h), this means completely eliminating a pleural effusion and thereby removing the signs of respiratory failure [12] . In accordance with modern clinical recommendations, the severity of ascites determines its treatment [13] . Accordingly, patients with LC and mild ascites do not need diuretics and a low-sodium diet. Since sodium excretion is slightly weakened in most patients with moderate ascites, the aim of the treatment is to reduce the intake of Na + and stimulate its excretion by using diuretics and maintaining a usual drinking regimen. The consumption of Na + should be reduced to 80-120 mmol/d, which corresponds to 4.6-6.9 g of salt per day. In addition to this diet, patients should take either spironolactone or amiloride at an initial dose of 50-200 mg/d or 5-10 mg/d, respectively. The dose of spironolactone should be gradually increased by 100 mg every seven days. The maximum dose is 400 mg/d. The treatment is effective if there is a body weight reduction In patients with HH and tense ascites, the recommended procedure is to perform large-volume paracentesis (LVP) and albumin infusions in order to prevent associated circulatory disorders (8 g for each removed liter of ascitic fluid). The prospective study made by Angueira et al [14] has shown a statistically significant increase in the total lung capacity and functional residual capacity of the lungs with an improvement in the symptoms of HH within 2 h after LVP. It also contributed to an increase in PaO2/FiO2 and lung volume at the end of exhalation without hemodynamic disturbances, as noted in another prospective study of 31 mechanically ventilated patients with LC and acute lung injury [15] . Refractory ascites is defined as ascites that cannot be mobilized to at least first grade using diuretic treatment and dietary sodium restriction or as ascites which early recurrence after LVP cannot be satisfactorily prevented by medical therapy [16] . In this case, the first-line of treatment is LVP repeated every 2-3 wk in combination with albumin infusions and the prescription of diuretics to patients who have the urine sodium concentration > 30 mEq/d [17] . If this is ineffective, transjugular intrahepatic portosystemic shunt (TIPS) is recommended [18] . This operation reduces portal pressure, thereby improving the function of the cardiovascular system, which increases renal blood flow and the glomerular filtration rate [19] . Surgical intervention in refractory ascites may be considered in the case of LVP futility and when TIPS cannot be implemented due to technical, organizational, or anatomical problems. The operation of choice is peritoneovenous shunting [20] . In a multicenter, nonrandomized trial, Bellot et al [21] evaluated the efficacy of a device called "Automated Low Flow Pump System" (ALFApump system) in 40 patients with refractory ascites. It moves ascitic fluid from the abdominal cavity to the bladder through a system of catheters connected to a pump implanted beneath the skin. It was noted that 40% of patients had no need for LVP after its implantation, and 70% needed LVP less than once a month. Nevertheless, there is a high percentage of complications, which mainly involve migration and/ or blockage of urinary or peritoneal catheters (22.5% and 12.5%, respectively). This fact currently excludes the introduction of this method into clinical practice and requires further study.
Treatment of refractory HH
Refractory HH occurs under significant disturbance of Na + excretion (< 10 mEq/d); therefore, measures aimed at treating ascites cannot eliminate it [22] .
Pharmacotherapy: Despite the absence of specific phar macotherapy for refractory HH, it is possible to use drugs recommended for the treatment of portal hypertension [23] . One of the publications demonstrated the good effects of octreotide, a synthetic analog of somatostatin, prescribed after ineffective use of diuretics with a low sodium diet, pleurodesis, and TIPS. It was infused intravenously at a dose of 25 μg/h on the first day, 50 μg/h on the second day, and 100 μg/h for the next five days. Then it was injected subcutaneously. The amount of fluid in the pleural cavity decreased after the fifth day. During a six-month period of observation, there was no relapse of HH [24] . The positive effect of octreotide can be explained by its ability to suppress the activation of the renin-angiotensinaldosterone system induced by diuretics, as well as to increase the excretion of Na + and water [25] . In another case, a positive result was achieved after a fiveday course of terlipressin therapy in combination with albumin infusions given to a patient with decompensated LC who had type 1 hepatorenal syndrome along with HH [26] . Therapeutic thoracentesis: Repeated thoracentesis is the routine procedure to remove fluid from the pleural space in refractory HH. This procedure is relatively safe even in patients with an increased risk of bleeding [27] . Nevertheless, it is important to bear in mind the possibility of complications associated with it, such as pneumothorax, pleural empyema, purulent soft tissue infection of the chest wall, and air embolism, among others [28] . In addition, large-volume thoracentesis, which is necessary in a number of cases, may increase microvascular permeability and cause re-expansion pulmonary edema. 
Criteria Values
The number of white blood cells in pleural fluid < 250/mm 3 Pleural effusion total protein level < 25 g/L Pleural effusion total protein/serum total protein ratio < 0.5 Pleural effusion LDH/serum LDH ratio > 0.6 Pleural effusion albumin/serum albumin ratio > 1.1 Pleural effusion bilirubin /serum bilirubin ratio < 0.6 pH > 7.4 Pleural effusion glucose level is equal to serum glucose level LDH: Lactate dehydrogenase.
It occurs due to inflammatory reaction accompanied by the production of reactive oxygen species and superoxide radicals in response to the rapid expansion of the initially collapsed lung. The key mediators of inflammation in this pathological situation may be interleukin 8, leukotriene B4, monocyte chemotactic and activating factor [29] , tumor necrosis factor α, and interleukin 1 β [30] with the participation of Rho/ROCK signaling pathway [31] . Another possible factor is an increase in hydrostatic pressure in pulmonary blood vessels leading to a plasma leakage into the interstitial space [32] . To avoid re-expansion pulmonary edema, it is considered expedient to remove only one liter of transudate at a time. Meanwhile, a study by Feller-Kopman et al [33] , which included 185 patients who underwent largevolume thoracentesis (from 1 to more than 3 L), did not find clinical and radiological signs of re-expansion pulmonary edema in many of them, and the appearance of this complication did not depend on the amount of removed fluid, pleural pressure, and pleural elasticity. The authors proposed to revise the recommendations for limiting the volume of thoracentesis and assumed that it should be stopped only if there are unpleasant sensations in the chest or a decrease in the pleural pressure to less than -20 mmH2O at the end of exhalation.
Drainage of the pleural cavity:
The installation of tubular drains into the pleural cavity for prolonged aspiration of the contents is undesirable in refractory HH. First, it is fraught with the development of pneumothorax and pleural empyema. Second, a large loss of fluid may lead to renal dysfunction and electrolyte imbalance. Taken together, they significantly worsen the disease prognosis and increase the risk of death [34] . In this respect, catheters such as "Pigtail" or Pleurx ® look safer [35] . So, the use of the first was successful in 48 out of 60 patients with refractory HH. The most significant complications were occlusion (3.3%) of the catheters and pain around their location (20%) [36] . The Pleurx ® drainage system showed good results in five of the eight patients, who had it installed as a "bridge" before TIPS or liver transplantation. Pleural empyema developed in two patients, which required removal of the catheter in one case [37] . Since these catheters are not widely used, their expediency for the treatment of refractory HH cannot be determined, and further research is needed for final conclusions.
Pleurodesis: Pleurodesis may serve as a treatment method for refractory HH in the case of unsuccessful repeated thoracentesis. In most publications devoted to this problem, it was created by using chemical substances acting on visceral and parietal pleura and causing their aseptic inflammation and adhesion. Irritant agents were injected into the pleural cavity through the cannula or during therapeutic thoracoscopy. The most commonly used chemicals were talc, tetracycline, doxycycline, bleomycin, povidone-iodine, and picibanil (OK-432) with or without minocycline [38] . It is better to perform chemical pleurodesis after removal of ascitic fluid and transudate from the pleural cavity. In addition, some authors propose to combine it with constant positive pressure in the airways, which decreases the negative pressure in the pleural cavity. It prevents the ascitic fluid from moving there and leaves it dry for a longer period [39] . In a prospective study, which included 56 patients with refractory HH, 20 mL of a povidone-iodine 10% aqueous solution were administered through a cannula inserted into the pleural cavity under ultrasound control. This procedure was effective in 71.4% of all cases, and the success rate was 66.7% in massive effusion and 80% in moderate effusion. Twenty-eight patients had to undergo a repeat procedure after a week due to refractory HH relapse, of which 12 were successful [40] . Similar results were obtained in another prospective study after administration of 1 g of doxycycline diluted in 100 mL of saline [41] . In a randomized clinical trial, Helmy et al [42] evaluated the efficacy of chemical pleurodesis performed in 20 patients during therapeutic thoracoscopy without video assistance. For this purpose, the authors used povidone-iodine 10% aqueous solution (10 mL) in 8 cases, doxycycline (1 g) in 6 cases, and talc (2-3 g) in 6 cases. All drugs were diluted in 50 mL of saline. The observation lasted for three months and showed good results in 15 patients (75%): in 7 when using povidoneiodine (87.5%), in 4 out of 6 from the doxycycline group, and in 4 out of 6 from the talc group (66.7%). After the introduction of the talc suspension, one death was due to the development of the hepatic coma as a result of the LC progression. The introduction of video-assisted thoracoscopic surgery (VATS) expanded the treatment options for patients with refractory HH. This makes it possible to perform not only a chemical, but also a combined pleurodesis with chemical, mechanical, and thermal effects on the pleura, the argon plasma coagulation, and the closure of diaphragmatic defects with fibrin glue, suturing, or synthetic materials [43] . In a systematic review with meta-analysis, Hou et al [44] evaluated the efficacy and safety of pleurodesis carried out by using different methods that included various drugs, as well as the closure of diaphragmatic defects with fibrin glue and their suturing during VATS in patients with refractory HH. They summarized the results of 20 clinical observations and 13 series of cases, including 26 and 180 people, respectively. In clinical observations, the severity of hepatic dysfunction was indicated in 10 patients, 3 of whom had Child-Turcotte-Pugh (CTP) class B (30%), and 7 of whom had CTP class C (70%). Of the 26 patients, chemical pleurodesis during a therapeutic thoracoscopy without video assistance was performed in 12 cases (46.2%), and with VATS (19.2%) in 5 patients. The authors mainly used talc at a dose of 2-2.5 g (12/26, 46.2%) and OK-432 at a dose of 10 KE (7/26, 26.9%). The procedure was carried out once in 19 patients (73.1%), twice in 2 patients (7.7%), and thrice in 1 patient (3.9%). Information on the number of operations was missing in 4 cases (15.3%).
Chemical pleurodesis was effective in 17 patients (65.4%). Other methods were successfully applied to 4 patients from the group having negative results. One fatal outcome was associated with bleeding from the upper gastrointestinal tract and liver failure.
In this series of cases, the severity of liver dysfunction was indicated in 113 patients, two of whom had CTP class A (1.8%), 37 of whom had CTP class B (32.7%), and 74 of whom had CTP class C (65.5%). Pleurodesis during therapeutic thoracoscopy without video assistance was performed in 54 patients (30%), and during VATS in 126 (70%). Agents for chemical impact on the pleura were mainly talc at a dose of 2-2.5 g (115/180, 63.9%) and OK-432 at a dose of 10 KE in combination with minocycline or without it (19/180, 10.6%). Nine patients (5%) underwent mechanical pleurodesis (pleural abrasion, electrocautery), which was supplemented with talc applied to the pleural surface in 8 cases (4.4%). Pleurodesis was combined with the closure of diaphragmatic defects by using fibrin glue or suturing in 26 patients (20.6%) during VATS. No more than two sessions of pleurodesis were required to obtain a positive result, and only one procedure was needed in 80%-100% of cases. The complete response rate after pleurodesis was 72% (95%CI: 65%-79%).
The efficacy of pleurodesis performed with different methods was evaluated using meta-analyses of six and two studies including 90 and 16 patients respectively. They showed that the complete response rate was 78% (95%CI: 68%-87%) when performing therapeutic thoracoscopy without video assistance and 84% (95%CI: 64%-97%) when using VATS.
Meta-analyses of 7 and 2 studies including 114 and 19 patients respectively were performed to evaluate the efficacy of pleurodesis achieved with the use of various drugs. They showed that the complete response rate was 71% (95%CI: 63%-79%) when using talc and 93% (95%CI: 78%-100%) when using OK-432 with or without minocycline.
A meta-analysis of 6 studies including 63 patients showed that the complete complication rate was 82% (95%CI: 66%-94%). They included subfebrile temperature (47.6%), renal insufficiency (17.5%), pneumothorax (15.9%), hepatic encephalopathy (11.1%), pneumonia (9.5%), liver failure (9.5%), pleural empyema (6.4%), pleuro-cutaneous fistulas (4.8%), sepsis (3.2%), intraoperative bleeding (1.6%), and upper gastrointestinal bleeding (1.6%).
Therefore, the presented data suggest that despite a large percentage of complications, pleurodesis may be a promising method for treating refractory HH. Randomized controlled trials with a meta-analysis are necessary to confirm this. [45] published the results of thoracoscopic onlay reinforcement with Mersilene mesh to repair diaphragmatic defects in 63 patients with refractory HH (CTP class A -12, B -36, C -15), which in 16 cases was combined with their suturing. The average observation period was 20.5 mo. Of the 4 patients who had a relapse of the disease, the pleural effusion was eliminated using thoracentesis (> 3 times) in 3 patients, and a second operation was required in 1 patient. The 30-d and 3-mo mortality rates were 9.5% and 25.4% respectively, and its main reasons were septic shock (37.5%), acute kidney damage (25%), and gastrointestinal bleeding (25%). The authors concluded that the method is effective in low-risk patients with adequate postoperative management. In their opinion, the most significant factors worsening the prognosis are the preoperative severity of liver and kidney dysfunction assessed according to the Model for End-Stage Liver Disease (MELD) and Acute Kidney Injury Network (AKIN) criteria.
Thoracoscopic mesh repair of diaphragmatic defects: Huang et al
ТIPS:
In one of the few articles devoted to the use of TIPS in refractory HH, Ditah et al [46] provided a systematic review and a cumulative meta-analysis of 6 retrospective studies involving a total of 198 patients suffering from HH (CTP class A -2, B -82, C -114). TIPS successfully eliminated the symptoms of refractory HH in 73% of cases. The early (45-d) and 1-year mortality rates were 18% and 50% respectively, with the most important predictors of an adverse outcome being old age (> 60-65 years), the initial severity of liver disease (CTP class C, MELD ≥ 15), and increased creatinine level and inefficiency of TIPS. Associated hepatic encephalopathy occurred in about 12% of all cases, and less frequently when expanded polytetrafluoroethylene-covered stents were used. The data obtained by the authors correlated well with the results of TIPS in other complications of portal hypertension [47] .
Peritoneovenous and pleurovenous shunting:
Pleurovenous shunting is a surgical operation described in 1975 for the treatment of malignant pleural effusion. It is rarely used in refractory HH, and the publications devoted to it are mainly presented as clinical observations and a series of cases. In one of them, Artemiou et al [48] performed it on six patients and showed that all the shunts were passable during 1-40 mo and no one needed a pleural puncture to remove transudate. Nevertheless, it is still too early to discuss the prospects of pleurovenous shunting in refractory HH due to the small sample size.
Liver transplantation: Since most of the patients with HH have a terminal stage of LC, they are potential candidates for orthotopic liver transplantation [49] . In the study by Xiol et al [50] , it was performed in 28 patients with HH (CTP class B -9, C -19) without prior TIPS or drainage of the pleural cavity. HH was refractory in 5 cases and combined with ascites in 26 cases. Eleven patients had episodes of spontaneous bacterial pleural empyema. HH was resolved in all transplant patients for three months. At one lethal outcome, the average survival rate was 114 mo.
Sersté et al [51] compared the results of orthotopic liver transplantation without previously performed TIPS in three groups of patients at the terminal stage of LC: with refractory HH, tense ascites without HH, and without any of these complications. Patients with HH did not need therapeutic thoracentesis after transplantation. There were no significant differences in the duration of mechanical pulmonary ventilation, the duration of the stay in an intensive care unit and hospital, as well as the frequency of septic complications and early postoperative lethality. The one-year survival rate was similar.
CONCLUSION
Although HH is infrequent, its presence exacerbates the course of LC, and the occurrence of spontaneous bacterial pleural empyema may be the cause of death. Most patients, who suffer from it, are candidates for orthotopic liver transplantation. In routine clinical practice, the key to their successful management may be the stratification of the risk for an adverse outcome and the determination of individual therapeutic strategies. The development of pathogenetic pharmacotherapy and optimization of minimally invasive treatment will improve the quality of life and increase the survival rate among
